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This work reports the color-tunable mixed photoluminescence (PL) emission from an Alq3 organic layer in an Au-Alq3-Au
plasmonic structure through the combination of organic fluorescence emission and another form of emission that
is enabled by the surface plasmons in the plasmonic structure. The emission wavelength of the latter depends
on the Alq3 thickness and can be tuned within the Alq3 fluorescent spectra. Therefore, a two-color broadband,
color-tunable mixed PL structure was obtained. Obvious changes in the Commission Internationale d’Eclairage
(CIE) coordinates and the corresponding emission colors of Au-Alq3-Au samples clearly varied with the Alq3
thickness (90, 130, and 156 nm).
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In recent years, organic light-emitting diodes (OLED)
have been attracting considerable attention for various
illumination applications because they exhibit excellent
properties that traditional light sources do not, including
high brightness, large size, transparency, and flexibility.
OLED have been considered to be potential next gener-
ation of light sources [1-3]. To realize full color and
white OLED, various color mixing structures, including
multiple dopant emissive layers and multiple emissive
layers, and down conversion in the optical microcavity,
have been utilized with various degrees of success [4-10].
Some methods for generating white color emission from
OLED have been developed, such as the method of par-
tial energy transfer in which the OLED materials are
doped with fluorescent/phosphorescent dyes [11-20]. The
mixing of the EL from the host molecules with excimer/
exciplex emissions has also been found to yield white
emission [21-23]. Other methods involve stacking red-,* Correspondence: ncchen001@mail.cgu.edu.tw
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ation layer (CGL) [24-29]. Recently, metal-dielectric-metal
(MDM) surface plasmon (SP) structures, which are similar
to planar optical microcavities, have attracted a great deal
of attention because they have various potential applica-
tions in optoelectronic devices [30-34].
In an MDM structure with semi-infinitely thick metals,
if the thickness of the dielectric is smaller than the SP
penetration depth at the metal/dielectric interface, then
the SPs on both interfaces of the dielectric layer can inter-
act with each other and split into two hybridized SP
modes: an odd SP with an anti-symmetric magnetic field
distribution and an even SP with a symmetrical magnetic
field distribution [30]. The dispersion curve of the odd SP
can cross the light line in air and shift up (or down) in en-
ergy when the dielectric thickness is reduced (or in-
creased), indicating that the odd SP is not only radiative
when one of the two semi-infinite thick metal layers is re-
duced to a finite and semi-transparent layer but that its
energy is also tunable by variation of the dielectric thick-
ness. Therefore, if the dielectric layer in the MDM struc-
ture is replaced with an organic emitter layer with a
thickness of the order of an optical wavelength, then
owing to near-field optics and the Purcell effect, the or-
ganic excitons can preferentially recombine into the oddOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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metal structure, and the radiative odd SP subsequently
couples out of the device to photons in the air. This prop-
erty has been investigated experimentally [32,33].
However, the application of this light emission has so
far received little attention. In this work, a color-tunable
mixing method, using a single organic light-emitting
layer that is embedded between two metal layers of finite
thickness is proposed. When one of the two metals is of
finite thickness and is semi-transparent, the organic
fluorescence still occurs and serves as a constant source
of light. Further light emission is produced through the
odd SP, and the wavelength of this emission is tunable
by variation of the thickness of the organic layer. There-
fore, color-tunable mixed emission from an MDM struc-
ture with finite thickness metal layers can easily be
realized.
Methods
Design and fabrication of sample
Because the dispersion curves of the coupled SPs in the
MDM structure depend mainly on the thickness of the
dielectric, calculated dispersion curves are initially ob-
tained to determine the thickness of the dielectric that
will produce the specific photon emission energy en-
abled by the odd SP. Figure 1 plots the calculated disper-
sion curves of the MDM structure with semi-infinite
thick metal layers and dielectric thicknesses of 90, 120,
and 150 nm. The refractive index of the dielectric layer
is a constant 1.74, which is the refractive index of the or-
ganic material, tris(8-hydroxyquinoline) (Alq3), used in
the experiment. The wavelength-dependent refractive
















Figure 1 Dispersion curves of MDM structures with different dielectriAs shown, the odd SP energies associated with the paral-
lel component of the wave vector kx =0, which is the
photon emission energy in the direction normal to the
sample surface, are approximately 1.77 eV (700 nm),
2.03 eV (610 nm), and 2.30 eV (539 nm) for MDM struc-
tures with 150-, 120-, and 90-nm-thick dielectric layers,
respectively.
Based on an analysis of the dispersion curve, three
MDM samples, A, B, and C, with Alq3 thicknesses of 90,
120, and 150 nm, respectively, embedded between two
20-nm-thick Au layers were fabricated. Two reference
samples, consisting of glass/120-nm-thick Alq3 and glass/
20-nm-thick Au/120-nm-thick Alq3, were fabricated and
are shown in Figure 2a,b, respectively. The organic mater-
ial was subjected to temperature-gradient sublimation
under a high vacuum before use. The organic and metal
layers were deposited by vacuum vapor deposition in a
vacuum chamber with a base pressure of <10−6 Torr. The
deposition system permitted the fabrication of the complete
device structure in a single vacuum pump-down without
breaking the vacuum. The deposition rate of organic layers
was kept at approximately 0.1 nm/s. The area of the
MDM structure was 3 × 3 cm2, defined by a shadow
mask. Figure 2c shows the MDM structure.
Results and discussion
Figure 3 shows the transmittance spectra of the three
MDM samples with the different Alq3 thicknesses,
measured using a Lambda 35 UV-vis spectrophotom-
eter (PerkinElmer Inc., Waltham, MA, USA). Because
both Au layers are sufficiently thin, externally incident
light can be transmitted through the MDM structure
by resonant transmission with the radiative optical30 40 50
n SP
c thicknesses.
Figure 2 Schematic structures of samples (A) Alq3 only, (B) single-metal, (C) MDM.
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the peaks that are induced by the odd SP can be observed
in the transmittance spectra. To support the determination
of the exact structure, the transmittance of a p-polarized
plane wave in air, incident on 30-nm-thick Au/90, 130, and
156-nm-thick Alq3/30-nm-thick Au structures, was simu-
lated using the software that was written by the authors
and based on the solution for the boundary conditions of
the electromagnetic waves, and the results thus obtained
are also shown in Figure 3. The calculated and measured
transmission peak positions match each other closely, and
the transmitted wavelength depends sensitively on the
thickness of Alq3 layer. From Figure 3, the wavelengths of
the photons whose emission is enabled by the odd SP in
the normal direction for samples A, B, and C are approxi-
mately 550, 650, and 750 nm, respectively.
Figure 4 shows the photoluminescence (PL) spectra in
the normal direction from samples A, B, and C and from
the reference sample with the glass/120-nm-thick Alq3
structure. As expected, the emission peaks around 550,
650, and 750 nm for samples A, B, and C closely match
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Figure 3 Measured transmittance spectra from Au (20 nm)/
Alq3/Au (20 nm) samples with different Alq3 layer thicknesses.
Results of theoretical simulations are shown.PL intensity at the wavelength of 750 nm is smaller than
that at 550 or 650 nm because the population of exci-
tons with an energy that corresponds to 750 nm is
smaller than that with an energy that corresponds to
550 or 650 nm. From the PL spectrum of sample C, the
organic excitons recombine into the odd SP very well,
even if the peak wavelength of approximately 750 nm is
at the edge of the Alq3 fluorescent spectrum, while the
emission peak at around 530 nm in the green region al-
most overlaps that in the PL spectrum from the refer-
ence sample, demonstrating that fluorescence from the
Alq3 emissive layer is produced in MDM structures with
metal layers of finite thickness.
The Commission Internationale d’Eclairage (CIE) coor-
dinates of the PL in the normal direction from samples A,
B, and C and from the reference sample are (0.42, 0.55),
(0.47, 0.48), (0.37, 0.54), and (0.34, 0.56), respectively, as
shown in Figure 5. Figure 4 presents photographs of the
PL emissions. The CIE coordinates of the PL from sam-
ples A, B, and C obviously shifted in comparison with that
from the reference sample and thus the corresponding
emission color changed owing to color mixing with theFigure 4 PL spectra observed normal to the surfaces of
samples A, B, and C and the reference sample. Photographs of
corresponding PL emission colors.
Figure 5 The CIE coordinates of emission samples A, B, C, and
the reference sample.
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the MDM structure. These experimental results indicate
that the color mixing of the PL emission can be obtained
from a single emitting layer by forming an MDM struc-
ture and that the emission color can be tuned by varying
the thickness of the emitting middle layer.
Conclusions
Color-tunable mixed PL emission was achieved by inser-
tion of an emitting layer between two metal layers of fi-
nite thickness to form an MDM structure. The PL
emission is produced by the combination of two kinds
of emission. The first is the organic fluorescent emission;
the second is enabled by the odd SP in the MDM struc-
ture, and its wavelength is tunable, resulting in a color-
tunable mixed emission. This emission process provides
a feasible approach to generating two-primary white
light.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
NCC and CCL carried out the study of coupled surface plasmon in MDM
structure and participated in the sequence alignment and drafted the
manuscript. CCC participated in the design of the study and sequence
alignment. WTF, JHW, JYL, and SPC fabricated the MDM samples, measured
the optical properties, and helped to draft the manuscript. BRH and LLL
conceived of the study, participated in its design and coordination, and
helped draft the manuscript. All authors read and approved the final
manuscript.
Acknowledgements
The authors would like to thank the Ministry of Science and Technology and
the Bureau of Energy, Ministry of Economic Affairs of Taiwan, for financially
supporting this research. Ted Knoy is appreciated for his editorial assistance.
Author details
1Department of Electronic Engineering, Chang Gung University, Tao-Yuan 333,
Taiwan. 2Institute of Electro-Optical Engineering, Chang Gung University,
Tao-Yuan 333, Taiwan. 3Department of Electronic Engineering, National Taiwan
University of Science and Technology, Taipei 106, Taiwan. 4Graduate Institute ofElectro-Optical Engineering, National Taiwan University of Science and Technology,
Taipei 106, Taiwan. 5Green Energy and Environment Research Laboratories,
Industrial Technology Research Institute (ITRI), 195, Sec. 4, Chung-Hsin
Road, Chutung 310, Taiwan.
Received: 29 June 2014 Accepted: 30 September 2014
Published: 13 October 2014References
1. D’Andrade BW, Forrest SR: White organic light-emitting device for solid-
state lighting. Adv Mater 2004, 16:1585–1595.
2. Kido J, Kimura M, Nagai K: Multilayer white light-emitting organic
electroluminescent device. Science 1995, 267:1332–1334.
3. Ko CW, Tao YT: Bright white organic light-emitting diode. Appl Phy Lett
2001, 79:4234–4236.
4. Lin CL, Lin HW, Wu CC: Examining microcavity organic light-emitting devices
having two metal mirrors. Appl Phy Lett 2005, 87:021101-1–3.
5. Wu CC, Chen CW, Lin CL, Yang CJ: Advanced organic light-emitting devices
for enhancing display performances. J Displ Technol 2005, 1:248–266.
6. Lin CL, Chang HC, Tien KC, Wu CC: Influences of resonant wavelengths on
performances of microcavity organic light-emitting devices. Appl Phy Lett
2005, 90:071111-1–3.
7. Peng H, Sun J, Zhu X, Yu X, Wong M, Kwok HS: High-efficiency microcavity
top-emitting organic light-emitting diodes using silver anode. Appl Phy
Lett 2006, 88:073517-1–3.
8. Liu R, Xu C, Biswas R, Shinar J, Shinar R: MoO3 as combined hole injection
layer and tapered spacer in combinatorial multicolor microcavity organic
light emitting diodes. Appl Phy Lett 2011, 99:093305-1–3.
9. Hofmann S, Thomschke M, Freitag P, Furno M, Lüssem B, Leo K: Top-emitting
organic light-emitting diodes: influence of cavity design. Appl Phy Lett 2010,
97:253308-1–3.
10. Chang CH, Cheng HC, Lu YJ, Tien KC, Lin HW, Lin CL, Yang CJ, Wu CC:
Enhancing color gamut of white OLED displays by using microcavity
green pixels. Org Lett 2010, 11:1241–1244.
11. Kido J, Hongawa K, Okuyama K, Nagai K: White light-emitting organic
electroluminescent devices using the poly(N‐vinylcarbazole) emitter
layer doped with three fluorescent dyes. Appl Phys Lett 1994, 64:815–817.
12. Kido J, Shionoya H, Nagai K: Single-layer white light-emitting organic
electroluminescent devices based on dye-dispersed poly(N-vinylcarbazole).
Appl Phys Lett 1995, 67:2281–2283.
13. Tokito S, Iijima T, Tsuzuki T, Sato F: High-efficiency white phosphorescent
organic light-emitting devices with greenish-blue and red-emitting
layers. Appl Phys Lett 2003, 83:2459–2461.
14. Wang L, Lei G, Qiu Y: Bright white organic light-emitting diodes based on
two blue emitters with similar molecular structures. J Appl Phys 2005,
97:114503-1–6.
15. Sun Y, Giebink NC, Kanno H, Ma B, Thompson ME, Forrest SR: Management
of singlet and triplet excitons for efficient white organic light-emitting
devices. Nature 2006, 440:908–912.
16. Huang J, Hou WJ, Li JH, Li G, Yang Y: Improving the power efficiency of
white light-emitting diode by doping electron transport material. Appl
Phys Lett 2006, 89:133509-1–3.
17. Seo JH, Park JH, Kim YK, Kim JH, Hyung GW, Lee KH, Yoon SS: Highly
efficient white organic light-emitting diodes using two emitting materials
for three primary colors (red, green, and blue). Appl Phys Lett 2007,
90:203507-1–3.
18. Jou JH, Wu MH, Wang CP, Chiu YS, Chiang PH, Hu HC, Wang RY: Efficient
fluorescent white organic light-emitting diodes using co-host/emitter
dual-role possessed di(triphenyl-amine)-1,4-divinyl-naphthalene. Org
Electron 2007, 8:735–742.
19. Jou JH, Chiu YS, Wang CP, Wang RY, Hu HC: Efficient, color-stable fluorescent
white organic light-emitting diodes with single emission layer by vapor
deposition from solvent premixed deposition source. Appl Phys Lett
2006, 88:193501-1–3.
20. Tsai YC, Jou JH: Long-lifetime, high-efficiency white organic light-emitting
diodes with mixed host composing double emission layers. Appl Phys
Lett 2006, 89:243521-1–3.
21. D’Andrade BW, Brooks J, Adamovich V, Thompson ME, Forrest SR:
Controlling exciton diffusion in multilayer white phosphorescent organic
light emitting devices. Adv Mater 2002, 14:1032–1036.
Chen et al. Nanoscale Research Letters 2014, 9:569 Page 5 of 5
http://www.nanoscalereslett.com/content/9/1/56922. Williams EL, Haavisto K, Li J, Jabbour GE: Excimer-based white
phosphorescent organic light‐emitting diodes with nearly 100% internal
quantum efficiency. Adv Mater 2007, 19:197–202.
23. Kalinowski J, Cocchi M, Virgili D, Fattori V, Williams JAG: Mixing of excimer
and exciplex emission: a new way to improve white light emitting
organic electrophosphorescent diodes. Adv Mater 2007, 19:4000–4005.
24. Shen Z, Burrows PE, Bulović V, Forrest SR, Thompson ME: Three-color,
tunable, organic light-emitting devices. Science 1997, 276:2009–2011.
25. Liao LS, Klubek KP, Tang CW: High-efficiency tandem organic light-emitting
diodes. Appl Phys Lett 2004, 84:167–169.
26. Kanno H, Holmes RJ, Sun Y, Kena-Cohen S, Forrest SR: White stacked
electrophosphorescent organic light-emitting devices employing
MoO3 as a charge-generation layer. Adv Mater 2006, 18:339–342.
27. Ho MH, Chen TM, Yeh PC, Hwang SW, Chen CH: Highly efficient p-i-n
white organic light emitting devices with tandem structure. Appl Phys
Lett 2007, 91:233507-1–3.
28. Lee TW, Hoh T, Choi BK, Kim MS, Shin DW, Kido J: High-efficiency stacked
white organic light-emitting diodes. Appl Phys Lett 2008, 92:043301-1–3.
29. Liao LS, Slusarek WK, Hatwar TK, Ricks ML, Comfort DL: Tandem organic
light-emitting diode using hexaazatriphenylene hexacarbonitrile in the
intermediate connector. Adv Mater 2008, 20:324–329.
30. Chen NC, Lu CY, Huang YL, Liao CC, Ke WC, Huang BR: Properties of
coupled surface plasmon-polaritons in metal-dielectric-metal structures.
J Appl Phys 2012, 112:033111-1–3.
31. Feng J, Okamoto T, Simonen J, Kawata S: Color-tunable
electroluminescence from white organic light-emitting devices through
coupled surface plasmons. Appl Phys Lett 2007, 90:081106-1–3.
32. Liu JSQ, Brongersma ML: Omnidirectional light emission via surface
plasmon polaritons. Appl Phys Lett 2007, 90:091116-1–3.
33. Hayashi S, Maekawa A, Kim SC, Fujii M: Mechanism of enhanced light
emission from an emitting layer embedded in metal-insulator-metal
structures. Phys Rev B 2010, 82:035441-1–3.
34. Huang BR, Liao CC, Fan WT, Wu JH, Chen CC, Lin YP, Li JY, Chen SP, Ke WC,
Chen NC: Photoluminescence emission from Alq3 organic layer in
metal–Alq3–metal plasmonic structure. Appl Surf Sci 2014, 303:319–323.
35. Johnson PB, Christy RW: Optical constants of the noble metals. Phys Rev B
1972, 6:4370–4379.
doi:10.1186/1556-276X-9-569
Cite this article as: Chen et al.: Color-tunable mixed photoluminescence
emission from Alq3 organic layer in metal-Alq3-metal surface plasmon
structure. Nanoscale Research Letters 2014 9:569.Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
